Programmed cell death plays an important role both during the development of the CNS and in its homeostasis throughout adulthood. A complex balance between cell death-and survival-inducing signals determines the fate of individual neurons. Intracellular cAMP is thought to regulate neuronal survival, and previous studies have shown that the survival of retinal ganglion cells by brain-derived neurotrophic factor (BDNF) is dependent on cAMP. Here we report the surprising observation that cAMP attenuates the ability of BDNF to rescue cortical neurons from apoptosis after serum deprivation, a process mediated via the phosphatidylinositol 3 (PI3)-kinase signal transduction cascade. Depolarization by KCl, which increases cAMP in cortical neurons, also attenuates BDNF protection against serum withdrawal. Our data indicate that cAMP antagonizes neurotrophin protection from serum withdrawal by inhibiting the PI3-kinase signal transduction cascade. This study indicates that cAMP may inhibit some forms of neurotrophin-mediated neuronal survival and suggests that a number of PI3-kinase-regulated processes in neurons may be inhibited by cAMP.
Introduction
The formation of the complex neural network that comprises the CNS is thought to result from a balance between the survival of neurons that make appropriate connections and the elimination of those that do not (Shatz, 1990; Oppenheim, 1991) . Targetderived neurotrophic factors, including brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), as well as neurotrophins 3, 4, and 5, can provide signals that determine whether a neuron is maintained or lost (Levi-Montalcini and Booker, 1960; Barde, 1989) . Additional factors, e.g., insulin-like growth factor-1 (IGF-1), produced by supporting non-neuronal cells, as well as neuronal activity itself contribute to neuronal survival (Ghosh et al., 1994; Miller et al., 1997) . Those cells that lose trophic factor support undergo programmed cell death, an active process characterized by increased expression of specific genes, chromatin condensation, and DNA fragmentation (Clarke, 1988; Raff et al., 1993; Stefanis et al., 1997) .
Neurotrophins, via binding to their cognate Trk receptors, activate several signal transduction cascades that regulate the cell death machinery (Segal and Greenberg, 1996; Kaplan, 1998; Friedman and Greene, 1999) . The extracellular signal-regulated kinase/ mitogen-activated protein kinase (Erk/MAP) cascade mediates trophic factor-supported survival in differentiated PC12 cells, retinal ganglion cells, cerebellar granule neurons, and cortical neurons (Meyer-Franke et al., 1995; Xia et al., 1995; Parrizas et al., 1997; Skaper et al., 1998; Hetman et al., 1999) . The phosphatidylinositol 3 (PI3)-kinase pathway was implicated originally in nerve growth factor-dependent (NGF) and serumdependent survival of PC12 cells (Yao and Cooper, 1995) . Subsequent experiments showed that PI3-kinase mediates the NGFdependent survival of dorsal root and superior cervical ganglion neurons (Crowder and Freeman, 1998; Klesse and Parada, 1998; Mazzoni et al., 1999; Kuruvilla et al., 2000) as well as BDNF protection of spinal cord motor neurons, neuroblastoma cells, and cortical neurons after serum deprivation (Dolcet et al., 1999; Encinas et al., 1999; Hetman et al., 1999) . Activation of Akt/PKB, serum and glucocorticoid-inducible kinase (SGK), and p90Rsk by PI3-kinase-dependent mechanisms is proposed to promote survival via a number of contributing downstream effectors, including phosphorylation and subsequent inhibition of proapoptotic BAD-mediated signaling (Datta et al., 1997) as well as the inhibition of glycogen synthase kinase-␤ (GSK-␤) (Hetman et al., 2000) .
Given that neurons are exposed simultaneously to numerous stimuli during development, the ultimate fate of any given neuron in the CNS is dependent on the integration of coincident signal transduction cascades. The effect of cAMP on cell survival depends on cell type and the specific type of cellular stress and may be influenced by cross talk with other signaling pathways. cAMP is neuroprotective in cerebellar granule cells and can potentiate neuroprotection of dorsal root and retinal ganglion cells by neurotrophins (Rydel and Greene, 1988; D'Mello et al., 1993; Campard et al., 1997; Villalba et al., 1997) . BDNF rescue of retinal ganglion cells from apoptosis caused by serum deprivation is also dependent on cAMP. This is attributable to cAMP-stimulated increases in TrkB receptor expression (Meyer-Franke et al., 1998) .
Here we report the surprising finding that increased cAMP may attenuate BDNF protection of cortical neurons from apoptosis induced by serum withdrawal. Membrane depolarization, which produces a significant increase in cAMP, also blocks BDNF protection against serum withdrawal. These effects of cAMP on BDNF neuroprotection apparently are attributable to inhibition of the PI3-kinase pathway by cAMP. This novel form of signal transduction cross talk indicates that cAMP can promote either cell survival or death, depending on the specific type of cellular stress. Thus cAMP may play an important role in regulating the survival of cortical neurons during the development of the CNS.
Materials and Methods
Reagents. Forskolin, isoproterenol, and Hoechst 33258 (bis-benzimide) were purchased from Sigma (St. Louis, MO). BDNF was purchased from Invitrogen (San Diego, CA). RpcAMPS and SpcAMPS were purchased from Biolog (Hayward, CA). LY294002 and camptothecin were purchased from Calbiochem (La Jolla, CA).
Plasmids. SGK S422D and mycPDK-1 (Kobayashi and Cohen, 1999) , p110* (Klippel et al., 1996) , and R(AB) expression plasmids (Schecterson and McKnight, 1991) are described where indicated. The serum response element (SRE)-luciferase reporter is described in Johansen and Prywes (1994) .
Cell culture. Cortical neurons were prepared as described . Briefly, cortical neurons were cultured from postnatal day 0 (P0) rats and plated at a density of 4 ϫ 10 5 cells/well onto 24-well plates containing glass coverslips (Fisher Scientific, Pittsburgh, PA) coated with 50 g/ml poly-D-lysine (Becton Dickinson, Mountain View, CA) and 1.0 g/ml laminin (Invitrogen). Cells were maintained in Neurobasal medium (Invitrogen) supplemented with 3% fetal bovine serum (FBS), 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2.5 M cytosine arabinoside for 3 d before experimentation. Neurons used for reporter gene assays were cultured as above but without coverslips.
Transient transfections and reporter assays. Cortical neurons were transfected with Lipofectamine 2000 (Invitrogen) for reporter gene assays. For each well of a 24-well plate, 800 ng of plasmid DNA was diluted into 50 l of Neurobasal medium supplemented with 300 M glutamine and B27. Lipofectamine (2 l) was diluted into 50 l and combined with the diluted DNA. The conditioned media from each well of the neurons were pooled and saved for later use. The DNA/Lipofectamine mixture was added to 500 l of Neurobasal/B27 and placed onto the cells for 2-4 hr. The conditioned media were used to replace the Lipofectamine/DNA mixture after transfection. Reporter assays were conducted 36 hr after transfection. Cells were pretreated with forskolin for 1 hr and then treated with or without agonists for 5 hr. Luciferase and secreted alkaline phosphatase (SEAP) were measured with the Luciferase Assay kit and Phospha-Light assay as described by the manufacturer (Tropix, Bedford, MA ], preincubated with Krebs-Ringer HEPES buffer containing 1 mM IBMX for 30 min, and then treated in buffer containing varying amounts of KCl for an additional 30 min. After treatment the reaction was terminated by the addition of 5% trichloroacetic acid containing 1 M cAMP. After 30 min at room temperature the acid-soluble nucleotides were separated by ion exchange chromatography (Salomon et al., 1974; Salomon, 1991) .
SGK kinase assays. Cortical neurons were pretreated with either vehicle or forskolin for 15 min and then stimulated for 5 min with 50 ng/ml BDNF. Cells were lysed in 100 l of lysis buffer [containing (in mM): 20 Tris, pH 7.5, 150 NaCl, 1 EDTA, 1 EGTA, 2.5 sodium pyrophosphate, 1 ␤-glycerophosphate, 1 Na 3 VO 4 , 1 PMSF plus 1% Triton X-100]. Lysate (30 g) was diluted to 500 l and incubated with 2 g of sheep anti-SGK antibody (Upstate Biotechnology, Lake Placid, NY) for 4 hr at 4°C, followed by incubation with 40 l of protein G-agarose (Roche Bioscience, Palo Alto, CA) overnight at 4°C. Immunoprecipitated SGK was incubated with 1 g of GSK3 peptide (Cell Signaling, Beverly, MA) in the presence of 200 M ATP at 30°C for 30 min. The reaction was terminated by the addition of 3ϫ boiling sample buffer, and samples were analyzed by SDS-PAGE and subsequent Western blotting for phosphorylation of the GSK3 peptide at Serine 21/9.
Western analysis. Agonist-and inhibitor-treated cortical neurons were lysed in 3ϫ boiling SDS-PAGE sample buffer and boiled for 10 min. The samples were subjected to SDS-PAGE electrophoresis and blotted as described . Antibodies were used at the following dilutions: 1:1000 [rabbit anti-phospho PTEN, rabbit anti-phospho Erk, rabbit anti-phospho Akt, rabbit anti-phospho GSK3 (Cell Signaling), and goat anti-Erk (Santa Cruz Biotechnology, Santa Cruz, CA)] and 1:2000 [AP-conjugated anti-IgG (Cappel, West Chester, PA) and HRP-conjugated anti-IgG (Cappel)]. Western blots were developed by using alkaline phosphatase (Tropix) or horseradish peroxidase (Amersham Biosciences, Arlington Heights, IL) chemiluminescence as described by the manufacturers. Films were digitized by using Photoshop version 5.0.2 for the Macintosh; band intensities were quantitated by using NIH Image.
Apoptosis assays. Serum deprivation experiments were performed with neurons cultured on glass coverslips for 4 d in vitro. The conditioned medium from the culture was removed and saved ("serum-containing conditioned medium"). For serum deprivation the neurons were washed twice with serum-free Neurobasal medium and then incubated in serumfree Neurobasal medium supplemented with 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 10 M MK801, and 2.5 M cytosine arabinoside. Control neurons were washed the same way and incubated in serum-containing conditioned medium. To visualize nuclear morphology, we fixed neurons in 4% formaldehyde and stained them with 2.5 g/ml Hoechst 33258. Uniformly stained nuclei were scored as healthy, whereas condensed or fragmented nuclei were scored as apoptotic. To obtain unbiased counting, we coded the slides, and cells were scored blind. Statistical analysis of the data was performed with the two-tailed Student's t test, assuming equal variance. For p110*-dependent survival, cortical neurons were transfected on day 3 in vitro in 24-well plates containing glass coverslips coated with 50 g/ml poly-D-lysine and 1 g/ml laminin. Each well was transfected with 250 ng of UB6-lacZ expression vector and 750 ng of either p110* or empty control vector. After 48 hr the cells were serum-starved and treated as above. Transfected cells were identified by a ␤-galactosidase antibody (5 Prime33 Prime, Boulder, CO). Cortical neurons were treated similarly for R(AB) expression experiments with the exception that a UB6-GFP expression vector was used to visualize transfected cells. For camptothecin-induced apoptosis the neurons were plated as above and pretreated with BDNF and either 0.01% DMSO or forskolin for 1 hr before treatment with camptothecin. Apoptosis then was scored as described above.
PI3-kinase assay. Cortical neurons were plated on 10 cm plates and treated as indicated on day 6 in vitro. After treatment PI3-kinase activity was assessed as described in (Myers et al., 1993) . Briefly, cells were washed once with ice-cold PBS, twice with ice-cold Buffer A [containing (in mM): 20 Tris, pH 7.5, 137 NaCl, 1 MgCl 2 , 1 CaCl 2 plus 100 M Na 3 VO 4 ], and then lysed in Buffer A supplemented with 1% NP-40 and 10% glycerol. Cell lysate (1 mg) was immunoprecipitated with antiphosphotyrosine antibodies (PY-20, Transduction Laboratories, Lexington, KY). The immunopellet was resuspended in 50 l of a (in mM) 10 Tris, pH 7.5, 100 NaCl, 1 EDTA, 100 MgCl 2 solution. Then 10 l of 2 mg/ml L-␣-phosphatidylinositol (sonicated in 10 mM Tris, pH 7.5, 1 mM EDTA; Avanti Polar Lipids, Alabaster, AL) was added, and the reaction was started by adding 44 M ATP and 30 Ci of ␥ 32 P-ATP. After 10 min of constant agitation at room temperature the reaction was terminated by the addition of 20 l of 8N HCl. Then the phospholipids were extracted with 160 l of 1:1 CHCl 3 /methanol and resolved by thin-layer chromatography (TLC). Phosphatidylinositol 4-monophosphate was run as a standard and visualized by exposing the TLC plate to I 2 .
Results

BDNF rescue of cortical neurons from serum deprivation is attenuated by cAMP
We examined the effect of cAMP on BDNF protection of cortical neurons because previous data indicated that neurotrophin protection of these neurons is mediated by either the PI3-kinase or Erk/MAP kinase pathway, depending on the type of cellular stress (Hetman et al., 1999) . Consequently, cAMP may have different effects on BDNF neuroprotection, depending on the cell death paradigm. Withdrawal of serum from cortical neurons causes apoptosis and constitutes a useful model to study mechanisms underlying the neuroprotection afforded by target-derived neurotrophic support (Hetman et al., 1999; Yamada et al., 2001) .
Cortical neurons maintained under serum-free conditions for 24 hr showed a significant increase in apoptosis as compared with neurons in serum-containing media ( Fig. 1 A, B) . Consistent with previous studies, BDNF protected cortical neurons from serum withdrawal. However, the addition of forskolin, a general activator of adenylyl cyclases, significantly attenuated neuroprotection caused by BDNF. This inhibition was comparable to that seen with LY294002, an inhibitor of PI3-kinase activity. It is notable that forskolin alone caused a small but reproducible increase in neuronal survival (Fig. 1 B) . Likewise, treatment with the cAMP analog SpcAMPS also reduced BDNF neuroprotection under serum-free conditions (Fig. 1C) .
Because ␤-adrenergic receptors couple to the activation of adenylyl cyclase in cortical neurons (Sibley and Lefkowitz, 1987; Ma et al., 1991) , we also examined the effect of isoproterenol on BDNF protection after serum deprivation (Fig. 1 D) . Isoproterenol, a ␤-adrenergic receptor agonist, almost completely blocked BDNF neuroprotection, providing further evidence that cAMP antagonizes BDNF neuroprotection.
Membrane depolarization caused by KCl often is used as a model for the enhancement of neuronal survival because of activity-dependent Ca 2ϩ influx. This has been attributed to Ca 2ϩ activation of calmodulin-stimulated adenylyl cyclases (MeyerFranke et al., 1995) . In cortical neurons 40 mM KCl increased intracellular cAMP 2.4-fold (Fig. 2 A) . Under depolarizing conditions BDNF was unable to protect cortical neurons from serum deprivation (Fig. 2 B) . Collectively, these data suggest that cAMP increases, which can be neuroprotective on their own, antagonize the anti-apoptotic activity of BDNF.
PKA activity is required for cAMP inhibition of BDNF neuroprotection
Because cAMP-dependent protein kinase (PKA) is one of the major downstream effectors of cAMP, the importance of PKA activity for cAMP attenuation of neurotrophin-dependent survival was investigated. RpcAMPS, a selective inhibitor of PKA (Botelho et al., 1988) , prevented forskolin from interfering with BDNF rescue from apoptosis after serum withdrawal (Fig. 3A) . KCl also had no effect on neuroprotection in the presence of RpcAMPS, suggesting that KCl antagonism of BDNF neuroprotection is attributable primarily to Ca 2ϩ -stimulated cAMP increases and PKA activation. In addition, cells transfected with a dominant-negative regulatory subunit of PKA were resistant to forskolin inhibition of BDNF-dependent neuroprotection (Fig. 3B) .
cAMP inhibits PI3-kinase-mediated, but not MAP kinase-dependent, neuroprotection Both MAP kinase and PI3-kinase are key survival-promoting pathways activated by neurotrophins. Because PI3-kinase activity is required for BDNF protection of cortical neurons after serum withdrawal (Hetman et al., 1999) , we examined the effect of cAMP on neuroprotection caused by direct increases in PI3-kinase activity. This was accomplished by expressing a constitutively active PI3-kinase catalytic subunit, p110* (Klippel et al., 1996) , in cortical neurons. Neurons expressing p110* showed increased resistance to apoptosis caused by serum deprivation (Fig. 4 A) . Forskolin treatment significantly reduced the neuroprotective effects of p110*, consistent with the idea that cAMP is inhibitory to PI3-kinase signaling in cortical neurons. In con- trast, forskolin did not inhibit BDNF protection against camptothecin, a DNA-damaging agent (Fig. 4 B) . BDNF protection from camptothecin-induced apoptosis is mediated by the Erk/MAP kinase pathway with little contribution from PI3-kinase (Hetman et al., 1999) . The slight enhancement in neuroprotection caused by forskolin alone is probably attributable to cAMP stimulation of Rap1, leading to increased Erk/MAP kinase activity (Vossler et al., 1997) . These data suggest that cAMP specifically antagonizes neurotrophic protection that relies on signaling via the PI3-kinase pathway.
cAMP negatively regulates PI3-kinase signal transduction cascades Downstream effectors of PI3-kinase signaling are critical components of the cell survival machinery, the most prominent example being Akt (Yao and Cooper, 1995; Dudek et al., 1997). To determine the effects of cAMP on Akt activation, we examined the phosphorylation of Akt at Ser 473 and Thr 308 , because phosphorylation of both residues is required for the activation of Akt (Alessi et al., 1996) . BDNF caused a rapid increase in the phosphorylation of Akt at Ser 473 and Thr 308 in cortical neurons (Fig.  5A,B) . Pretreatment with forskolin inhibited BDNF stimulation of both phosphorylation events, indicating that cAMP inhibits the activation of Akt by PI3-kinase. This was not the case with MAP kinase, which was activated by forskolin (Fig. 5A) , as previously described (Vossler et al., 1997) .
Another effector of PI3-kinase is SGK, which is thought to be important for transducing survival signals within cells (Brunet et al., 2001) . SGK activity, monitored by the phosphorylation of GSK3, was increased in cortical neurons treated with BDNF (Fig.  5C,D) . Forskolin reduced this activity, providing further evidence for the cAMP inhibition of PI3-kinase signal transduction pathways.
To determine whether cAMP inhibits PI3-kinase signaling upstream from Akt or SGK, we coexpressed expression vectors for constitutively active members of the PI3-kinase signal transduction cascade with a SRE reporter construct in cortical neurons. SRE-mediated transcription was used as a downstream reporter for the activity of the PI3-kinase pathway, because previous work showed that neurotrophin stimulation of SREdependent gene expression is dependent on PI3-kinase activity in PC12 cells (Poser et al., 2000) . Stimulation of SRE-dependent gene expression by BDNF was inhibited by forskolin (Fig. 6 A) . Likewise, p110* stimulation of SRE-mediated gene expression was inhibited by forskolin, suggesting that cAMP/PKA acts downstream of PI3-kinase activity. In contrast, stimulation of SRE-mediated transcription by the expression of constitutively active SGK (SGK S422D) or wild-type phospholipid-dependent protein kinase-1, PDK-1, was not inhibited by forskolin. PDK-1 directly binds the phospholipid products of PI3-kinase and activates SGK (Alessi et al., 1997) . These data suggest that PI3-kinase coupling to SRE-mediated gene expression is inhibited by cAMP at a point upstream from PDK or SGK but subsequent to PI3-kinase activation. Supporting this notion, BDNF-stimulated PI3-kinase activity was not inhibited by forskolin (Fig. 6 B, C) .
Inhibition of the PI3-kinase pathway by cAMP could be attributable to PKA activation of the phospholipid phosphatase and tensin homolog (PTEN), which is responsible for terminating PI(3,4,5)P 3 phosphoinositol lipid-dependent signaling (Wu et al., 1998) . To test this possibility, we measured the phosphor- Western analysis for Erk protein was performed to show equal protein loading. B, Quantitation of pAkt band intensity normalized to Erk Ϯ SD (n ϭ 5). C, SGK activity was attenuated by increased cAMP. Cell lysates were collected from cortical neurons pretreated with vehicle or 10 M forskolin and stimulated with 20 ng/ml BDNF. SGK was immunoprecipitated, and kinase activity was assessed by measuring the phosphorylation of GSK3 on Western blots. D, Average (with variation) of the GSK3 phosphorylation band intensities from two separate experiments. Figure 6 . cAMP inhibits the PI3-kinase signal transduction cascade downstream of PI3-kinase via a PTEN-independent mechanism. A, Cortical neurons were transfected with an SREluciferase reporter construct and a threefold excess of control, wild-type PDK-1, SGK S422D, or p110* expression vectors. After 36 hr the neurons were treated with 10 M forskolin. When present, BDNF was at 20 ng/ml. Neurons were lysed and assayed for luciferase activity. Data are the mean of luciferase activity Ϯ SD of triplicate assays normalized to EF1 ␣-SEAP expression. B, Cortical neurons were pretreated with 0.01% DMSO or 10 M forskolin (Forsk) and then stimulated with 10 ng/ml BDNF. PI3-kinase was immunoprecipitated from cell lysates by an anti-phosphotyrosine antibody. Phospholipids were resolved by TLC. C, PI3-kinase activity was assessed by quantitation of radiolabeled spots corresponding to phosphatidylinositol 3-monophosphate from triplicate experiments. D, Cell lysates were collected from cortical neurons pretreated with 0.01% DMSO or 10 M forskolin (Forsk) and stimulated with 10 ng/ml BDNF. PTEN activity was analyzed by Western analysis for phosphorylation of PTEN at Ser 308 and Thr 382/383 . Lysates also were analyzed for Erk to measure protein loading. E, Quantitation of pPTEN band intensity normalized to Erk Ϯ SD (n ϭ 3).
ylation of PTEN in cortical neurons after mitogen and forskolin exposure. Phosphorylation at Ser 380 and Thr 382/383 within PTEN, a measure of PTEN activity (Vazquez et al., 2000) , was unchanged by treatment with BDNF or forskolin (Fig. 6 D,E) , indicating that neither cAMP nor BDNF affects PTEN activity in cortical neurons.
Discussion
The development of the CNS depends on a complex program of cellular events including cell proliferation, differentiation, and apoptosis that are regulated by signal transduction cross talk. It has become increasingly evident that one of the major roles of cAMP is to modulate other regulatory pathways and that cAMP often serves as a critical checkpoint for coincidence detection. For example, Ca 2ϩ stimulation of the CREB/CRE transcriptional pathway in neurons, a process that contributes to late-phase long-term potentiation and long-term memory, depends on the activation of MAP kinase (for review, see Impey et al., 1999) . The activation and nuclear translocation of MAP kinase is regulated by cAMP (Vossler et al., 1997; Impey et al., 1998) . In this study we discovered a novel mechanism by which cAMP negatively regulates the survival of neuronal cells. We show that cAMP antagonizes BDNF protection of cortical neuron apoptosis induced by serum deprivation. Our data indicate that this is attributable to the inhibition of neurotrophin-stimulated PI3-kinase signaling.
Although previous studies have established that cAMP and KCl-induced membrane depolarization often promote the survival of different neuronal populations (Shatz, 1990; Oppenheim, 1991; Ghosh et al., 1994; Ruchaud et al., 1997; Villalba et al., 1997; Hanson et al., 1998; Meyer-Franke et al., 1998; Shen et al., 1999; Vaillant et al., 1999; Li et al., 2000) , none of these studies examined the effect of cAMP on neurotrophin protection of cortical neurons against serum withdrawal. cAMP is required for retinal ganglion cells to respond to BDNF after serum deprivation because of cAMP-induced increases in TrkB receptors that mediate the effects of BDNF (Meyer-Franke et al., 1998) . This is likely not the case in cortical neurons. The signal transduction machinery of cortical neurons differs from other neuron populations in a number of significant ways. For example, cortical neurons are fully competent to respond to BDNF and, in contrast to retinal ganglion cells, do not require additional signals to support BDNF actions. Furthermore, BDNF neuroprotection against serum withdrawal in cortical neurons is mediated primarily by the PI3-kinase pathway. In contrast, BDNF stimulation of the MAP kinase pathway plays a major role in protection of retinal ganglion cells from serum deprivation (Meyer-Franke et al., 1998) . This explains why cAMP antagonizes BDNF neuroprotection against serum withdrawal in cortical neurons, but not in retinal ganglion cells. Ghosh and colleagues showed that depolarization enhances the survival of cortical neurons after the dissociation and plating of the cells (Ghosh et al., 1994) . Protection against cellular stress after dissociation and plating of neurons may be mediated by multiple survival pathways and is clearly a different paradigm than serum deprivation. In addition, cerebellar granule cells, often used as models for central neurons, require general depolarization for survival (Gallo et al., 1987) , whereas cortical neurons do not. Our data, coupled with other studies examining the effects of cAMP or depolarization on neurotrophin-induced survival, indicate that survival mechanisms vary among different populations of neurons.
Because PI3-kinase does not contribute to neurotrophin protection against all forms of apoptosis, cAMP is not a general inhibitor of the neuroprotective activity of neurotrophins in cortical neurons. For example, BDNF protection of cortical neurons against apoptosis induced by camptothecin is mediated by MAP kinase, whereas the PI3-kinase pathway is the dominant survival mechanism against serum withdrawal (Hetman et al., 1999) . cAMP does not decrease neurotrophin attenuation of apoptosis caused by camptothecin-induced DNA damage. In fact, cAMP enhances BDNF neuroprotection against camptothecin, presumably because cAMP activates the MAP kinase pathway and supports the nuclear translocation of MAP kinase (Vossler et al., 1997; Impey et al., 1998) . This suggests that cAMP can be either pro-apoptotic or anti-apoptotic, depending on which survival pathway is dominant.
How does cAMP inhibit PI3-kinase signaling in neurons? Our data are consistent with previous reports demonstrating inhibitory cross talk between the cAMP and PI3-kinase signal transduction cascades in non-neuronal cell lines (Ahmed et al., 1995; Kim et al., 2001; Wang et al., 2001; Mei et al., 2002) . However, the mechanism for cAMP inhibition of PI3-kinase signaling in neurons appears to be distinct from that described in other studies. Unlike in COS cells in which cAMP directly inhibits PI3-kinase activity (Kim et al., 2001) , our data indicate that PKA acts downstream of PI3-kinase in cortical neurons after the generation of 3Ј-phosphorylated inositol membrane lipids. Regardless of the exact locus for cAMP inhibition of the PI3-kinase signaling pathway, the fact that cAMP inhibits neurotrophin stimulation of both of the downstream survival pathways, SGK and Akt, explains why cAMP antagonizes BDNF neuroprotection.
Multiple aspects of neurobiology regulated by PI3-kinase potentially could be modulated by coincident cAMP-elevating signals. Inhibitory cross talk between cAMP and PI3-kinase signal transduction cascades may play an important role in the regulation of neuronal survival after ischemic injury to the neocortex. There is elevated cAMP in the neocortex after the occlusion of cerebral blood flow Pylova, 1989, 1992; Prado et al., 1992; Cai et al., 2002) . This cAMP increase may contribute to the magnitude of delayed apoptosis seen after the induction of cerebral infarction, leading to the elimination of severely damaged neurons that otherwise might be spared by BDNF secreted from neighboring cells (Narumiya et al., 1998; Ferrer et al., 2001) . Consequently, the increase in cAMP would ensure the removal of all damaged neurons. In addition, cAMP inhibition of BDNF-stimulated PI3-kinase signaling may be critical during cortical development. Studies that used a mouse strain deficient in type 1 adenylyl cyclase indicate that cAMP may regulate pattern formation in the somatosensory cortex (AbdelMajid et al., 1998) . These mutant mice lack the specific cAMP signal necessary during a critical period of development that may be important for pruning of the neural network. Without this cAMP signal the pattern development in layer IV of the somatosensory cortex does not occur normally (Woolsey and Van der Loos, 1970) . PI3-kinase also is implicated in regulating the proliferation of cortical neuronal precursors (Groszer et al., 2001; Li et al., 2001) . cAMP is known to inhibit the proliferation of these cells (Lu and DiCicco-Bloom, 1997; Palmer et al., 1997) . Therefore, coincident cAMP-generating signals may influence neurogenesis in the developing cortex by blocking proliferative signals that use PI3-kinase.
In summary, cAMP may inhibit a number of processes in CNS neurons that are regulated positively by the PI3-kinase pathway, including neurotrophin-stimulated survival and synaptic plasticity (Levi-Montalcini and Booker, 1960; Barde, 1989; Datta and Greenberg, 1998; Lin et al., 2001) . Although previous studies suggest that a combination of neurotrophins and cAMP might be useful therapeutically to promote the survival of neurons, our data indicate that such combinations may not always provide synergistic neuroprotection.
